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Abstract

Purpose of review—Cancer-related muscle loss, or cachexia, is the cause of death for
approximately 2 million people worldwide and severely reduces quality of life. The degree of
cachexia is inversely correlated with survival time; however, the exact mechanisms behind cancer-
induced muscle wasting remain under investigation.

Recent findings—Cytokines such as TNF-a trigger degradatory pathways through NF-xB
signaling that activate the ubiquitin-proteasome system and muscle proteolysis. Androgen
treatment has been shown to reduce inflammatory cytokines and even stimulate anti-inflammatory
cytokine production. Amino acid supplementation has been shown to induce muscle protein
synthesis in ovarian cancer patients.

Summary—Targeted anabolic therapies aimed at preventing or reversing cancer cachexia might
involve the combined use of androgens and amino acids working concurrently to enhance muscle
protein synthesis and reduce muscle protein breakdown. Additional focused clinical studies are
needed to identify muscle-specific targets or biomarkers for defined therapeutic approaches to
slow or prevent cancer cachexia. In this paper we review the pathogenesis of cancer-related
muscle wasting and discuss potential interventions at reversing or preventing cancer-related
muscle loss.
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Introduction

It is estimated that approximately 2 million people die annually worldwide due to the
consequences of cancer-related cachexia (1-3). Cachexia is responsible for the death of
about 20% of cancer patients (2, 4) with muscle wasting as the most important phenotypic
feature. It is the principal cause of functional impairment, fatigue and respiratory
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complications. Loss of skeletal muscle proteins and adipose tissue reaches 75% and 85%
respectively when the patient has lost 30% body weight; and without therapeutic
intervention, often leads to death (5). Cancer-related muscle loss results in asthenia and
functional impairments similar to that seen with age-related sarcopenia (6) and there are
common metabolic abnormalities to both cancer cachexia and sarcopenia; such as altered
hormone levels (7, 8), elevated cytokines (2, 7-9), increased insulin resistance (7), increased
muscle proteolysis (8, 10, 11), elevated synthesis of acute phase proteins (7) and altered
nutrient utilization (8). Yet despite these commonalities, the rapid loss of muscle mass
associated with cachexia, in contrast to the progressive declines seen with sarcopenia, more
negatively impacts the quality of life and well-being of cancer patients.

In the case of cancer, a significant nitrogen flux can occur from the skeletal muscle to the
liver (12). This decreases the precursor supply of key branched-chain amino acids (BCAAS)
in the plasma necessary to stimulate muscle protein synthesis. The liberated amino acids are
used for both acute phase protein (APP) synthesis and gluconeogenesis (13, 14), rather than
muscle protein synthesis. The APP response is activated by inflammatory cytokines such as
IL-6, IL-8 and TNF-a (15, 16). A recent study has shown that cancer cachexia results in an
increase in TNF-a receptor gene expression in both skeletal muscle and adipose tissue (7).
Further, systemic inflammation has been shown to correlate with increased expression of
skeletal muscle ubiquitin in cancer patients demonstrating increased levels of IL-6, STNF-R
and C-reactive protein (CRP) (17). In this paper we review the pathogenesis of cancer-
related muscle wasting and discuss potential interventions at reversing or preventing cancer-
related muscle loss.

Overview of Cachexia-Related Muscle Protein Degradation

The most important proteolytic pathway in cancer cachexia is considered to be ubiquitin-
dependent proteolysis of the skeletal muscle (5, 18). It is now well established that the
ubiquitin-proteasome system is of primary importance during protein degradation that
occurs in muscle as it atrophies (5, 18). The ubiquitin-proteasome system involves two
successive steps. First, the target protein is polyubiquitinated and then degraded by the 26S
proteasome (10). Polyubiquitination involves the sequential action of the ubiquitin-
activating enzyme (E1), ubiquitin conjugating enzyme (E2) and ubiquitin-protein ligase
(E3), which is the key enzyme in the process. E1 has low expression in skeletal muscle and
its MRNA level is not regulated in catabolic states (10). Conversely, E2s are expressed in
multiple mammalian cells, however only a few are over-expressed in certain instances of
muscle wasting (10). Typically, one E2 interacts with one or a limited number of E3 species,
which recognize specific protein substrates. E3 forms by far the largest family of
ubiquitination enzymes; however, only a limited number of E3s have been identified to be
up-regulated in muscle wasting (10).(19

Two muscle-specific E3s, atrogin-1/MAFbx (muscle atrophy F-box protein) and MuRF-1
(muscle-specific RING-Finger-1), seem to be over-expressed in several catabolic conditions
(20-22). Atrogin-1/MAFbx and MuRF-1 interact with the a-actinin-2-calcineurin A
complex in cardiomyocytes (10, 20), and with various proteins in skeletal muscle cells (10).
The increased transcription of atrogin-1/MAFbx seems to be under the control of the
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forkhead transcription factor, FoxO (forkhead box O) (23, 24), while MuRF-1 transcription
is driven by the activation of NF-xB (25).

Pathogenesis of Muscle Wasting in Cancer Cachexia

The interplay between proteolytic, degradative pathways and anabolic, synthetic pathways
has been well summarized (26) and can be upset by events such as aging and various disease
states (Figure 1). Muscle atrophy occurs when the balance shifts to an increase in muscle
protein breakdown, a decrease in muscle protein synthesis, or both. Cancer cachexia likely
involves both sides of the metabolic equation. This switch is regulated at a genetic level by
activation of transcription factors such as NF-«xB (9, 25). Activation of NF-xB by cytokines
(8, 9, 27) and proteolysis-inducing factor (PIF) (8) is an important first step in the
intracellular signaling pathway leading to activation of NF-kB mediated muscle protein
breakdown (8, 27) as well as apoptosis (8, 27).

While the exact molecular mechanism remains elusive, it has been demonstrated that NF-
kB-dependent muscle wasting is activated by late-stage cancer or chronic inflammation
(28). Further, NF-xB stimulates the proteasomal machinery by activating muscle specific E3
ligase MuRF-1 (29). While one of the main activators of NF-«xB is the cytokine TNF-a (9),
recent in vivo data has also shown NF-kB is capable of inducing muscle protein breakdown
via a noncytokine-mediated pathway in cachectic conditions (8).

Cytokines, Inflammation and Cancer

A central mechanism of action in cachexia has been postulated for many cytokines. In
particular, IL-1 (30) and TNF (30) have been linked to cancer-related anorexia (30, 31),
perhaps by increasing corticotropin-releasing hormone (CRH) levels, a neurotransmitter that
suppresses food intake. However, cytokines can induce both systemic and local
inflammation which can globally affect the patient’s metabolism and locally activate muscle
protein breakdown.

Cytokines by themselves are capable of inducing weight loss. TNF-a has long been
associated with muscle pathology and was originally designated ‘cachectin’ in recognition
of its catabolic action. In humans, muscle catabolism has been attributed to TNF-a in
inflammatory diseases that include cancer, congestive heart failure, AIDS, and chronic
obstructive pulmonary disease (COPD). To date, evidence of increased TNF-a in plasma of
cancer patients is controversial perhaps due to different sensitivities of the assay methods,
short half-life of TNF in vivo, or localized paracrine production of TNF.

The mechanism of TNF-a effects in vivo remains largely enigmatic, although it has long
been recognized that TNF-a may stimulate catabolism via indirect mechanisms (Figure 1).
TNF-a alters circulating levels of hormones that regulate muscle growth and affects tissue
sensitivity to such factors. TNF-a also stimulates production of catabolic cytokines and
induces anorexia. Any of these effects could indirectly promote muscle wasting.
Mechanisms by which TNF-a might directly stimulate catabolism are less clear. One
potential mechanism is by inhibiting myablast differentiation that could limit the
regenerative response of satellite cells to muscle injury (32). A second mechanism could be
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a direct catabolic effect on differentiated muscle. Accelerated protein loss can be induced
using TNF-a levels that do not stimulate cell death, by either apoptosis or necrosis, and are
within the range measured clinically (32).

At least three major pathways mediate the cellular response to TNF-a with activation of NF-
kB, a primary mediator of transcriptional control, being the major candidate for catabolic
signaling. TNF-a stimulates the activation and nuclear translocation of NF-xB in skeletal
muscle cells. This is a rapid, dose-dependent response that involves phosphorylation and
proteasomal degradation of the NF-xB-inhibitory protein, Ix-Ba (33). NF-«xB activity in the
cell nucleus peaks within 30 minutes of TNF-a exposure and then rapidly decays. However,
this transient stimulus is sufficient to alter gene expression and cause prolonged changes in
muscle protein levels. NF-xB signaling is essential for TNF-a-induced catabolism in
differentiated muscle cells (32).

In addition to TNF-a, IL-6 is the main mediator in the hepatic acute phase response in
cancer cachexia. IL-6 inhibits hepatic aloumin production and correlates positively with
serum levels of CRP in pancreatic cancer patients. Increased levels of IL-6 are associated
with large tumor size, significantly greater weight loss and overall poor prognosis (34). In
vitro administration of anti-1L-6 antibodies has been successful in attenuating the cachectic
and the acute phase response (6, 35). Therefore, IL-6 is considered a prime regulator of the
acute phase response in cachectic patients.

Anabolic Role of Androgens

The metabolic significance of human skeletal muscle is often overlooked, despite that it
comprises ~40-50% of total body weight, and is one of the most metabolically active tissues
in the body. Besides its obvious importance for human locomotion, the metabolic flexibility
of muscle as well as its substrate storage capacity makes it an ideal hormonal target. Skeletal
muscle serves as an abundant repository of protein and free amino acids. The homeostatic
balance of muscle is affected by fasting (36, 37), feeding (36, 38, 39), exercise (36, 40),
aging (36, 41) and disease (36, 42, 43). Hormones such as testosterone, growth hormone
(GH), insulin, insulin-like growth factor-1 (IGF-1) and glucocorticoids have profound
influences on human skeletal muscle and are important regulators of this remodeling process
(36). How a specific hormone exerts its anabolic action on muscle depends on factors such
as age, sex, duration of exposure and amount administered. Ultimately, hormones are
responsible for modulating the switch toward positive or negative muscle protein balance,
which can significantly alter one’s health status.

Our understanding of the in vivo actions of hormones both at the whole-body level and the
level of the muscle has greatly advanced owing to the use of isotopic tracer technologies
(36). One short term study in healthy males showed for the first time that androgens directly
stimulate muscle protein synthesis and stimulate MRNA expression of the androgen receptor
in skeletal muscle (44-46). These findings shifted the focus to using testosterone in men (47,
48) and women with muscle wasting diseases such as HIV-AIDS (49). The use of anabolic
agents as replacement therapies for diseased-caused muscle wasting is clinically justified
(36) based on preexisting evidence for the anti-inflammatory inhibition of cytokines such as
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IL-6 and TNF-a by these agents (50). The primary goal of androgen therapy is to improve or
maintain muscle mass, muscle strength and functional capability (36).

Anti-catabolic Properties of Androgens

Relatively few interventional therapies have shown much promise against cancer cachexia,
although almost 30 years ago Chlebowski et al. (51) showed that plasma total and free
testosterone levels were decreased by 43% and 66% in adult males with disseminated cancer
prior to chemotherapy. Additionally, 82% of these patients were less than 90% of ideal body
weight showing that preserving or restoring muscle mass and improving nutritional status is
critical in providing patients with opportunities to withstand the detrimental metabolic
effects of aggressive chemotherapeutics (52, 53).

The use of anabolic steroids to stimulate protein anabolism in muscle of cancer patients is
undoubtedly promising and clinically relevant, yet data are scant and warrant further
controlled clinical trials (1, 54). A weight loss study conducted in cancer patients involving
a randomized controlled trial of weekly nandrolone decanoate for 4 weeks in combination
with standard chemotherapy (57, 58) showed that survival time was significantly longer in
the group receiving androgen therapy (median survival 5.5 months without treatment and
8.2 months with nandrolone treatment) with a trend for less severe weight loss with
nandrolone decanoate. Indeed, testosterone has been found capable of reducing systemic
inflammatory cytokines such as TNF-a, IL-6 and IL-1f in humans (55), and stimulating the
anti-inflammatory cytokine 1L-10 (55). While testosterone appears to exert anticatabolic
effects, the mechanism has yet to be discovered as to whether testosterone functions
upstream of inflammatory cytokines or at downstream markers such as MuRF-1 and NF-xB.
For a more in-depth review of the mechanisms of action of testosterone see a review by
Bhasin et al. (56).

The regulation of skeletal muscle hypertrophy has been linked to both the direct actions of
testosterone and its indirect actions on IGF-1. We have demonstrated that during the first
month of androgen therapy, the primary effect of testosterone on skeletal muscle was
increased muscle protein synthesis shifting to a reduction in protein breakdown by 6 months
(45). Therefore, the immediate and sustained elevation of IGF-1 with testosterone therapy
and the subsequent suppression of muscle protein breakdown provide evidence that
testosterone may exert anti-catabolic properties via the IGF-1 pathway. Additionally, IGF-1
has recently been shown to block the transcriptional upregulation of key mediators of
skeletal muscle atrophy, the ubiquitin E3 ligases MuRF-1 and MAFbx/Atrogin-1 (29).
Although, proteolysis in the ubiquitin-proteasome system does not account for all protein
loss that occurs with catabolic conditions such as cancer. While a reconstituted ubiquitin-
proteasome system rapidly degrades actin or myosin, it cannot degrade actomyosin or
myofibrils (59, 60). Thus, before the ubiquitin-proteasome system can fully break down the
complex structure of muscle protein, another protease must act to initiate proteolysis. Work
by Du et al. (61) found that recombinant caspase-3 cleaves actomyosin and leaves a
“footprint” in the form of a 14-kD actin fragment that can be identified by Western blot
analysis. Undoubtedly, work in the coming years will uncover the specific mechanisms that
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trigger cancer-induced muscle wasting and the exact mechanisms by which agents such as
testosterone work to counter the devastating catabolic consequences on skeletal muscle.

Targeted role of Amino Acids

During convalescence from an illness such as cancer, the anabolic stimulus provided by
nutrient ingestion represents a primary means of ameliorating the loss of muscle protein.
Studies of healthy elderly and young individuals during acute (38, 62-67) and bedrest-
induced catabolism (68) demonstrated that essential amino acids (EAAS) are largely
responsible for the amino acid induced stimulation of muscle protein anabolism. Of
particular interest is a study by Dillon et al. (69) that showed oral amino acid
supplementation could induce muscle protein synthesis in ovarian cancer patients. This
study showed that even in instances of systemic inflammation and during chemotherapy,
amino acid supplements can improve net protein balance in skeletal muscle.

Unfortunately, weight loss due to cachexia is not likely reversible with regular mixed meals
alone. Branched-chain amino acids (BCAAs), and leucine in particular, have received
considerable scientific study, focusing on their ability to stimulate protein synthesis in in
vitro preparations of skeletal muscle (70). Likewise, BCAAs are largely responsible for the
stimulation of protein synthesis in skeletal muscle produced by ingestion of a mixed meal
(70). Leucine and other BCAASs are known to stimulate protein synthesis in muscle by
initiating signal-transduction pathways that moderate translation initiation (71) through a
number of mechanisms (70). Much of the work in our laboratory (67, 72) has focused on
tailoring the proper amount and type of amino acids needed to most efficiently stimulate
muscle protein synthesis in age-related sarcopenia (67, 68, 72, 73), and leucine’s ability to
reverse anabolic signaling defects was recently shown (67, 74).

In cancer, BCAAs have been recognized for many years for their prophagic effects (75) and
have been found to stimulate food intake and counteract muscle wasting in anorectic,
weight-losing patients (76). A study using BCAAS in hepatic cancer patients demonstrated
marked improvements in metabolic parameters, morbidity and quality of life (77). We
recently showed, for the first time, in vivo evidence in elderly humans that a relatively small
bolus of ingested leucine (2.8 g) can acutely improve muscle protein retention and reverse a
lack of stimulation of muscle protein synthesis following the ingestion of a small amount of
EAA (74). Whether the effects of leucine on muscle protein anabolism can be sustained over
longer periods of time in the presence of cancer cachexia in humans remains to be studied.

Severe and chronic illnesses can induce peripheral muscle proteolysis early in the course of
the disease to provide the amino acids required for the synthesis of various liver proteins.
Accordingly, the BCAAs (leucine, isoleucine, and valine) have been used to improve
positive nitrogen balance. BCAASs also compete for tryptophan across the blood-brain
barrier. Through this action, BCAASs can block increased hypothalamic activity of serotonin
and counteract anorexia. Studies are needed to test more targeted nutritional interventions
such as BCAAs and androgens combined in patients with cachexia.
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The mechanisms behind cancer-related cachexia show heavy involvement of TNF-a
induced activation of NF-xB and the proteasomal degradation pathway. Initial studies
attempting to restore positive nitrogen balance have shown promise. Targeted anabolic
therapies aimed at preventing or reversing cancer-induced muscle loss might involve the

co
to
or

mbined use of androgens and amino acids, but additional focused clinical trials are needed
identify muscle-specific targets or biomarkers for defined therapeutic approaches to slow
prevent cancer cachexia.
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Figure 1. Signaling pathways likely involved in cancer cachexia and proposed effects of amino
acid and testoster one treatment on muscle protein synthesis

A large contributing factor to cancer cachexia is the presence of inflammatory cytokines
such as TNF-a which act to both suppress appetite and stimulate the proteasomal
degredation pathway through activation of NF-xB. Testosterone may work to directly
decrease the inflammatory cytokine burden, downstream to suppress upregulation of
MuRF-1 and MAFbx or a combination of both pathways. Testosterone treatment, in
conjunction with oral amino acid supplements, may then help tip the balance away from
muscle degradation and improve quality of life in patients suffering from cancer cachexia.
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